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kb repeat were L43D (5’-CCG GAA TTC AGA ATT
ATA TAT GAG GCT GCG-3') at nt 66 to 86 with
respect to the Hind Il site, and L44D (5'-CCG GAA
TTC CAA ATA AAG AAA CAT ATT GCG-3') at nt
2228 to 2248. PCR reactions were performed on
total parasite DNA. For detection of the transfection
vectors, the PUC forward sequencing primer (5'-
TTT TCC CAG TCA CGA CGT-3') was used in con-
junction with either L8OR for pMD221, L43D for
pMD223, or 530 (6'-GGG GTT CCATTC AAT ATT
GC-3', which ends at nt 1505 of the DHFR-TS ORF)
for pMD200. Oligonucleotide 530 was used in con-
junction with the SK primer (5'-TCT AGA ACT AGT
GGA TC-3') designed for pBSKS (Stratagene) for
PCR detection of pMD204. The entire DHFR-TS
coding region was amplified with the oligonucleo-
tides 644D (5'-GCAGCGGATCC ATG GAA GAC
TTA TCT GAA AC-3', with nt 1 in bold) and 645D
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obtained from Life Technologies. Oligonucleotides
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resistant) and L41 (5'-GAATACTTT CCCAACTTT
TTT TTC-3', sensitive) were used in hybridization
experiments to determine the presence of the resis-
tant and sensitive configurations of the DHFR-TS
gene in total parasite DNA. The residues in bold
encode the point mutations observed at position 110
in the DHFR-TS protein which determine parasite
resistance (L40) or sensitivity (L41) to the drug py-
rimethamine. Oligonucleotides were hybridized in
5X standard saline citrate containing 1% SDS at
42°C, and washing was performed at 56°C with 1Xx
standard saline citrate containing 1% SDS for 5 min.
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Role of the Protein Chaperone YDJ1 in
Establishing Hsp90-Mediated Signal
Transduction Pathways

Yoko Kimura, Ichiro Yahara, Susan Lindquist*

The substrate-specific protein chaperone Hsp90 (heat shock protein 90) from Saccha-
romyces cerevisiae functions in diverse signal transduction pathways. A mutation in YDJ7,
a member of the Dnad chaperone family, was recovered in a synthetic-lethal screen with
Hsp90 mutants. In an otherwise wild-type background, the ydj7 mutation exerted strong
and specific effects on three Hsp90 substrates, derepressing two (the estrogen and
glucocorticoid receptors) and reducing the function of the third (the tyrosine kinase
p60v-s°). Analysis of one of these substrates, the glucocorticoid receptor, indicated that
Ydj1 exerts its effects through physical interaction with Hsp90 substrates.

In vitro, purified Hsp90 can function as a
general protein chaperone (1). In vivo,
however, Hsp90 functions in a large hetero-
ligomeric complex and exhibits a high de-
gree of substrate specificity (2). The chap-
erone activities of Hsp90 participate in a
wide range of signal transduction pathways,
including pathways controlled by steroid
receptors, tyrosine kinases, and serine-
threonine kinases (2—7). These structural
and functional properties are highly con-
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served: Mammalian and yeast Hsp90s are
found in similar macromolecular complexes
(2, 8), mammalian Hsp90 complements the
essential functions of yeast Hsp90 (3, 9),
and yeast Hsp90 promotes the activation of
steroid-receptor and tyrosine kinase target
proteins from vertebrate cells (3, 6, 10).
To identify proteins functionally related
to Hsp90, we searched (Fig. 1) for Saccha-
romyces cerevisiae mutations that would be
lethal in combination with Hsp90 muta-
tions that themselves have little effect on
growth at 30°C (synthetic-lethal, or SL,
mutations) (11, 12). To identify the SL
gene obtained in this search, we screened
yeast libraries for plasmids that would com-
plement the SL phenotype. All plasmids
recovered encoded either Hsp90 or one of
two members of the Dna] chaperone family,
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YDJ1 (isolated as a single-copy plasmid)
and SISI (isolated as a multicopy plasmid)
(13). Because high-copy SISI plasmids
suppress YDJI mutations (13), it seemed
likely that the SL mutant was an allele of
YDJ1. This prediction was confirmed by
linkage analysis (14). The mutant allele in
the SL strain was recovered and found to
carry a G to A transition in codon 315,
changing a highly conserved Gly to Asp in
the generally less conserved COOH-ter-
minal region (ydj1¢3!5D),

To define further the relation between
Hsp90 and Ydjl, we examined the effect of
the ydj1¢315P (SL) mutation on Hsp90 sub-
strates (3, 6, 10). One of the best charac-
terized of these substrates is the glucocorti-
coid receptor (GR) (2). The chaperone
Hsp90 is part of the GR aporeceptor com-
plex and is required to maintain the recep-
tor in a hormone-activatable state (2, 3,
10, 15, 16). When GR is expressed in yeast,
Hsp90 mutations strongly reduce the ability

A Strain 5CG2
Sr—s (ot

G -

Gal +

'L\,\/VEMS
k phspg0(hsp82G1700)

‘i. Drop plasmid

pHSP90(HSP82)
or phsp90(hspg2531700)

5CG2 5CG2-SL
+pHSP90 +phsp90 +pHSP90 +phsp90
Glu + + + -
Gal + + + +
B 5CG2 5CG2-SL

Glucose

HSPS0 hsp90 HSPS0 hsp90

Fig. 1. Synthetic-lethal screen. (A) Strategy for
obtaining SL mutations with a temperature-sensi-
tive Hsp90 mutation (37). EMS, ethylmethane sul-
fonate. (B) Growth properties. 5CG2 grows on
glucose when transformed with either HSP82
(HSP9O0) or hsp82G779P (hsp90 mutant). The SL
derivative grows on glucose only when trans-
formed with HSP82. Cells were streaked on me-
dium without histidine (to maintain the plasmid)
and incubated at 30°C for 5 days.

of GR to be activated by hormone (3, 10,
16). We transformed a high-copy GR ex-
pression plasmid and a lacZ GR reporter
plasmid into (i) a wild-type strain, (ii) a
strain carrying the ydjl®***P mutation, and
(iii) a strain carrying the Hsp90 mutations
used in our screen (strain 5CG2 without
the GALI promoter substitution) (Fig. 1).

The Hsp90 mutations reduced hormonal
induction of B-galactosidase (B-Gal) by
about threefold at 30°C (Fig. 2A). The
ydj19315P mutation also affected B-Gal ac-
tivity, but in a very different way. It in-
creased activity in the absence of hormone
by about 200-fold. This increase in report-
er-gene expression was specifically due to

a change in GR activity. When the report-
er plasmid was retained but the GR ex-
pression plasmid was lost (by growth on
single-selection medium), constitutive
B-Gal activity was also lost. With the
addition of hormone, B-Gal activity in-
creased in ydj1®31°P cells by twofold in 2
hours (Fig. 2A). However, after about 6
hours, when activity had reached a maxi-
mum (twice the level observed at 2 hours),
ydj1®315P and wild-type cells exhibited
equivalent activity (14, 17).

To investigate the reason for increased
basal activity in the ydj1®3!*P mutant, we
examined levels of GR protein by immuno-
blotting. A modest increase in GR accumu-

Multicopy GR Low-copy GR LEU2 promoter
1 rd 3 4 5 6 r AR 9 10 ik 12
200 250 125
A B c
& 1501 200 | 1001 =
2
E 1504 75
2 1001
E 100 50
@
504
W 50 25
0- B 0
DOC -+ -+ L = -+ 2 =
WT yaj1 hsp90 WT ydijt WT  ydt
CUP1 promoter ER
13 14 15 18
125 5 250 E17 18 19 20
Fwr ydj1
> 1001 200+ - + - + DOC
=
T .75 1504 =i
2
E 50+ 1004
Q
5
251 501
0- 0- :
Cu - & =~ 4 Estdo * 2 B Hso2

WT Vi1 ot
Fig. 2. ydj1G375P selectively increases basal GR and ER activities. Wild-type, ydj7, and hsp90 cells
were grown to mid-log phase at 30°C and then treated with or without inducer: (A and B) 10 pM
deoxycorticosterone (DOC, saturating concentration); (C) no inducer; (D) 50 uM CuSO,; (E) 0.1 uM
B-estradiol for 2 hours (1 hour for CuSO,). B-galactosidase activity was measured with Galacto-Light
(TROPIX) and normalized to total protein concentration as described (76). Each point is the average
of at least three independent experiments, with two replicates each. Activities are expressed relative
to induced activity in wild-type cells. Activities expressed as photon unit per microgram in represen-
tative experiments were as follows; 1, 4070; 2, 1434824; 3, 1050795; 4, 2445929; 5, 9170; 6,
434054; 7, 5806; 8, 308314, 9, 330942; 10, 716030; 11, 35581; 12,20630; 13, 337; 14, 151681; 15,
539; 16, 103897; 17, 5220; 18, 213821; 19, 110935; and 20, 430017. Strains: WT, YPH499 (32);
ydj1, PCy7 (cells harboring the ydj713750 mutation backcrossed three times to eliminate possible
extraneous mutations); and hsp90, YOK5ura:HIS (YPH499 cells carrying an hsc82:HIS3 disruption
and a chromosomal replacement of HSP82 with hsp82G779° (12). Plasmids: (A) high-copy GR
expression plasmid pGPD-795 (33) and lacZ reporter pSX26.1 (33); (B) single-copy GR expression
plasmid pHCA/N795 and high-copy reporter pL2/GZ; (C) LEU2lacZ reporter plasmid pYB1 (34); (D)
CUP1lacZ reporter plasmid pCLUC; and (E) high-copy ER expression plasmid p2HGPD/ERcyc (16)
and lacZ reporter pUCASS-ERE (3). (F) Effects of ydj73375P on GR accumulation. Total proteins were
separated on a 10% SDS-polyacrylamide gel, transferred to an Immobilon-P membrane, stained with
Coomassie blue to demonstrate equal loading, and reacted with GR-specific antibody, BuGR2 (76).
(G) Effects of ydj1G375P on Hsp104 and Hsp26 accumulation. Total proteins from (lane 1) wild-type
(YPH499), (lane 2) ydj1 (Pcy7), (lane 3) ssalssa2 (A889) (35), and (lane 4) wild-type (A812 isogenenic
with A889) cells were separated as described in Fig. 2B and reacted with antibody to Hsp104 or
Hsp26.
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lation was observed in the mutant strain
(1.5- to 4-fold in different experiments)
[Fig. 2F and (14)]. Theoretically, a small
increase in GR concentration could pro-
duce a large increase in activity, by titrating
a limiting repressor. This possibility was
eliminated when cells were transformed
with a single-copy GR plasmid. The single-
copy strains accumulated much less GR
protein and exhibited much less GR activ-
ity than high-copy strains. Nevertheless,
constitutive GR activity was still observed
in the absence of hormone in ydjl®3!°P
cells (Fig. 2B).

Several experiments demonstrated the
specificity of the ydj1®>"*P mutant pheno-
type for Hsp90 substrates. First, the
ydj19315P mutation did not significantly in-
crease the basal activity of lacZ plasmids
controlled by the LEU2 promoter or the
copper-inducible CUPI promoter (Fig. 2, C
and D). Second, using antibodies against
Hsp104 and Hsp26 (Fig. 2G) and an HSE
lacZ construct to monitor the stress re-
sponse (14), we detected only a very small
increase in hsp abundance as a result of the
ydj1€315P mutation—far less, for example,
than that observed with Hsp70 mutations.
Third, analysis of total yeast proteins by
means of high-resolution gels revealed that
the vast majority of proteins were unaffect-
ed by the ydjI1©*!*P mutation (14). In con-
trast, mutations in Hsp70 genes (ssalssa2)
changed the pattern of accumulation of sev-
eral proteins (14, 18). Fourth, when the
Hsp90 interaction domain was removed

from GR, by deletion of the COOH-termi-

Fig. 3. Effects of ydj16375P A
and Hsp90 mutations on
pBOv-se. (A) p60¥-S toxici-

ty. Cells transformed with
pGAL10-v-src were grown

to mid-log ‘phase on glu-

cose, adjusted to 108 cells

per mililiter, serially diluted
(10-fold each step), spotted

onto synthetic medium,

and incubated at 30°C for 4

days (glucose) or 5 days
(galactose). pGAL10-v-src

was created by insertion of

the Bam HI~Cla | fragment B
of GAL10-v-src (6) into
pRS313. Strains were as
described in Fig. 2, except

that YOKS5 (72) substituted  g7_,
for YOK5ura:HIS. (B) Gen-  gq_,
eral protein accumulation. 46—
Total Coomassie blue—
stained proteins from mid-
log cells induced for 6
hours--with- galactose and
analyzed as in Fig. 2B. (C)
pB0Yv-s"© accumulation. Blot

" 30—

nal region, GR was constitutively active
and the ydj1°3!°P mutation had little effect
(19).

Next, we examined other Hsp90 sub-
strates. Although the estrogen receptor
(ER) signaling domain has a primary amino
acid sequence that is very different from
that of GR, it also binds Hsp90 (15, 20).
Moreover, ER activity is reduced by Hsp90
mutations in yeast, albeit not to the same
extent as GR activity (10). The ydj1°3!P
mutation increased basal ER transcriptional
activity by 20-fold (Fig. 2E).

Equally strong effects were observed
with a very different Hsp90 substrate, the
oncogenic tyrosine kinase p60¥=™ (21). The
maturation of p60¥~" is promoted by Hsp90
(6, 16). Because p60'~ is toxic in yeast,
Hsp90 mutations rescue cells containing a
galactose-regulated v-src gene from lethality
on galactose (6). When pGall0-v-src was
transformed into the three test strains, all
grew at near wild-type rates on glucose. On
galactose, wild-type cells died (Fig. 3A).
The ydj1%3"*P mutation rescued growth as
effectively as the hsp90 mutations. It also
reduced both the accumulation of p60¥-"
and its activity as a tyrosine kinase [Fig. 3,
C and D, and (22)]. Thus, although p60¥-~
function was decreased, rather than in-
creased (as observed for GR and ER), it is
clear that the function of this Hsp90 target
protein was also extremely sensitive to the
ydj1G315P mutation.

Do the effects of this mutation indicate
a role for wild-type Ydjl in determining
the activity of Hsp90 target proteins? A

Galactose Glucose

« [ EYETE

A &
§ ‘\b\ ‘\QQ

97— '

69— —

46— '
30—

peov-src__, é\__ —

of Fig: 3B, reacted with antibody to v-src LAO74 (Quality Biotech). (D) p60¥-s"-mediated tyrosine
phosphorylation. Blot of (C), stripped, and reacted with antibody to phosphotyrosine (Upstate Bio-

technology).
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plasmid encoding wild-type Ydjl restored
normal GR regulation in ydjI1®3!5P cells
(14). Moreover, a deletion of YDJI in-
creased basal GR activity to a similar ex-
tent as the ydjl1®3"*P mutation (23), and
overexpression of YDJ1 reduced GR activ-
ity, even in the presence of hormone (14).
Although it is possible that the G315D
point mutation selectively compromises
Hsp90-related functions of Ydj1, the phe-
notypes of this mutation reflect an impor-
tant function of wild-type Ydjl.

Ydjl and Hsp90 are both abundant
chaperones (24, 25). To look for a direct
association between them, we used a his-
tidine-tagged Hsp90 derivative that allows
rapid chromatographic recovery of many
Hsp90-associated proteins (8). Only a very
small fraction of the Ydjl protein in the
cells was recovered, indicating that the
two proteins do not form an abundant
stable complex (26). However, Ydjl and
Hsp90 were both detected in association
with an epitope-tagged derivative of GR
used to analyze the subfraction of the
chaperone proteins that might be associ-
ated with substrate (Fig. 4). As expected,
Hsp70 (Ssa but not Ssb) was also recov-
ered with GR.

The ydjl1¢3!°P mutation greatly reduced
the association between ydjl and GR. The
capacity of GR to bind to the antibody was
also markedly reduced. (Note that in the
experiment shown in Fig. 4, the level of GR

Lysate Eluate
WT ydj1 WT ydj1
Tag - + - + - - -+
GR — - D o = —
HsSp90 o e o o f— P
Ydj1 - e e - 2 -
Ssa —— e e - —_—

Ssb = e - -
§ LB R R B

Fig. 4. Specific binding of Hsp90, Ydj1, and Ssa
to FLAG-tagged GR. Wild-type and yqj71¢375P
cells were transformed with plasmids encoding an
epitope (FLAG)-tagged GR (pCHFLAGGR,) (36) or
wild-type GR (p2HG/N795) together with reporter
plasmid pSX.26.1. [In separate experiments ex-
amining hormone-inducible B-Gal activity, the
epitope-tagged protein was found to be fully func-
tional (74)]. Total high-speed supernatants of cell
lysates (lanes 1 to 4) and proteins eluted from an
anti-FLAG affinity gel (lanes 5 to 8) (3, 37) were
separated on SDS-polyacrylamide gels, trans-
ferred to Immobilon membranes, and reacted with
antibody specific for GR, Hsp82, Ydj1, Ssa, or
Ssb. Lanes 1 and 5, wild-type cells, wild-type GR;
lanes 2 and 6, wild-type cells, FLAG-tagged GR;
lanes 3and 7, ydj1¢375P cells, wild-type GR; lanes
4 and 8, ydj15375P cells, FLAG-tagged GR.



was particularly high in the 100,000g super-
natant of ydjl1 3P lysates, yet considerably
less GR was.recovered with. the antibody.)
Hsp70 recovery also decreased, but only in
proportion to the decrease in GR recovery.
More surprisingly, Hsp90 recovery in-
creased. Whether this was due to an in-
crease in the strength of the interaction
between Hsp90 and GR or to an actual
increase in the number of Hsp90 molecules
bound to GR is not clear. The simplest
explanation of these phenomena is that
Ydjl interacts with GR, and in so doing
influences both the conformation of GR
and the nature of its association with
Hsp90.

The steroid receptor substrates of
Hsp90—GR and ER—contain signaling
domains with overlapping Hsp90- and hor-
mone-binding regions. These domains serve
as autonomous hormone-responsive repres-
sors that can be transferred to other pro-
teins (15, 27). Hsp70 promotes the associ-
ation of Hsp90 with these domains and
Hsp90 helps them to achieve an activation-
competent state, such that when hormone
binds, the domain adopts a nonrepressing
conformation (2, 3, 15, 28). The present
experiments demonstrate that Ydjl plays a
direct role in helping these domains to
achieve their repression-competent state.

Recent work suggests that the complexes
formed by receptor and Hsp90 are dynamic,
continuously cycling through forms that do
or do not contain Hsp70 and other proteins
such as p60, p23, and the immunophilins
(2, 28-29). We suggest that Ydjl partici-
pates in this process, continuously affecting
the activity of newly synthesized, previously
synthesized, and perhaps even previously
activated (recycling) GR (2). The activa-
tion pathway for p60Y~", in contrast, is
direct and does not involve the mainte-
nance of regulated intermediates in the cy-
tosol. Apparently, in affecting interactions
between Hsp90 and this substrate, Ydj1 de-
ficiencies simply reduce the level of p60¥-
function in the cell (30).

Our SL genetic screen and analysis of
heterologous Hsp90 substrates have shown
a strong relation between Hsp90 and Ydjl
functions. The chaperone Ydjl participates
with Hsp70 and Hsp90 in establishing sev-
eral signaling pathways, presumably by fa-
cilitating critical changes in protein confor-
mation and oligomerization that are re-
quired for signal transduction. The partici-
pation of the stress-responsive chaperones
in these pathways provides additional
mechanisms for integrating responses to a
wide variety of signals (5).

e

~

o

10.

1

-

12.

13.

14.
15.

16.
17.

20.

21,

=

22,

23.

24,

25.

26.
27.

28,

29,

30.

REFERENCES AND NOTES

. U. Jakob and J. Buchner, Trends Biol. Sci. 19, 205

(1994).

. W.B. Pratt, J. Biol. Chem. 268, 21455 (1993); D. F.

Smith and D. O. Toft, Mol. Endocrinol. 7, 4 (1993).
D. Picard et al., Nature 348, 166 (1990).

Y. Miyata and I. Yahara, J. Biol, Chem. 267, 7042
(1992).

. M. Tsaiand B. W. O’'Malley, Annu. Rev. Biochem. 63,

451 (1994).

Y. Xu and S. L. Lindquist, Proc. Natl. Acad. Sci.
U.S.A. 90, 7074 (1993).

H. J. Doyle and J. M. Bishop, Genes Dev. 7, 633
(1993); T. Cuttforth and G. M. Rubin, Cell 77, 1027
(1994).

. H.-C. J. Chang and S. L. Lindquist, J. Biol. Chem.

269, 24983 (1994).

. Y. Minami, Y. Kimura, H. Kawasaki, K. Suzuki, I.

Yahara, Mol. Cell. Biol. 14, 1459 (1994).

S. P. Bohen and K. R. Yamamoto, Proc. Natl. Acad.
Sci. U.S.A. 90, 11424 (1993).

. Inanother attempt to identify Hsp90-related proteins,
we screened 200,000 transformants of five indepen-
dent Hsp90 mutations for extragenic suppressors. All
positives proved to encode Hsp90 itself.

Y. Kimura, S. Matsumoto, . Yahara, Mol. Gen. Gen-
et 242, 517 (1994).

A. J. Caplan and M. G. Douglas, J. Cell Biol. 114,
609 (1991); M. M. Luke, A. Sutton, K. A. Arndtt, ibid.,
p. 623; D. P. Atenicio and M. P. Yaffe, Mol. Cell. Biol.
12, 283 (1992).

Y. Kimura, I. Yahara, S. Lindquist, unpublished data.
S. P. Bohen and K. R. Yamamoto, in The Biology of
Heat Shock Proteins and Molecular Chaperones, R.
I. Morimoto, A. Tissieres, C. Georgopoulos, Eds.
(Cold Spring Harbor Laboratory Press, Cold Spring
Harbor, NY, 1994), pp. 313-334.

D. Nathan and S. Lindquist, unpublished data.

GR levels were higher in the ydj183750 cells, but GR
activity was not as great as expected with this in-
creased quantity of protein. It appears that in addition
to increasing the basal activity of GR, in the long-term
the mutation reduces its hormone inducibility.

. E. A. Craig and K. Jacobsen, Mol. Cell. Biol. 5, 3517

(1985).
. Two different GR truncations were tested. One, at
amino acid 525, produces a stable protein. Using a
CEN expression vector, we detected only a twofold
increase in the activity of the GR reporter plasmid in
the ydj183750 mutant. The other, at amino acid 556,
produced a less stable protein. Using a high-copy
expression plasmid, we detected no increase in GR
activity in the mutant.
B. Chambraud, M. Berry, G. Redeuilh, P. Chambon,
E. Baulieu, J. Biol. Chem. 265, 20686 (1990).
J. 8. Brugge, Curr. Top. Microbiol. Immunol. 123, 1
(1986).
To demonstrate that activity of p60V-© was affected,
we ran serial dilutions of proteins from wild-type cells
on the same gel as proteins from the ydj783752 mu-
tant. In lanes that exhibited comparable levels of src
protein, phosphotyrosine levels were much lower in
yaj16375b cells.
In this case, however, the accumulation of GR pro-
tein increased substantially more than with the
yaj183750 point mutation.
A. Caplan, personal communication.
K. A. Borkovich, F. W. Farrelly, D. B. Finkelstein, J.
Taulien, S. Lindquist, Mol. Cell. Biol. 9, 3919 (1989).
H.-J. Chang and S. Lindquist, unpublished data.
D. Picard, S. J. Salser, K. R. Yamamoto, Cell 54,
1073 (1988).
K. Hutchinson, K. D. Dittmar, M. J. Czar, W. B. Pratt,
J. Biol. Chem. 269, 5043 (1994).
D. F. Smith, Mol. Endocrinol. 7, 1418 (1993); J. L.
Johnson and D. O. Toff, J. Biol. Chem. 263, 24989
T(1994). ¢
Because p60v-s¢ is constitutively active in yeast,

SCIENCE + VOL. 268 ¢ 2]JUNE 1995

R RO R B B T R

31.

32.
33.

34.

35.
36.

37.

38.

REPORTS

we cannot determine whether the ydj7337502 muta-
tion would increase the basal activity of this class of
substrates.

In'S. cerevisiae, Hsp90 is essential for growth and
is encoded by two genes, HSC82 and HSP82 (25).
Strain 5CG2, with HSC82 disrupted and HSP82
regulated by GALT, can grow on galactose but not
on glucose (72). Ethylmethane sulfonate-mu-
tagenized cells were transformed with hsp82G7700,
atemperature-sensitive Hsp90 mutation. The plas-
mid allowed most transformants to grow rapidly on
glucose at 30°C, but those that harbored SL mu-
tations could still grow only on galactose. To elim-
inate extraneous mutations, each SL candidate
was allowed to lose the plasmid on nonselective
galactose medium and was re-transformed with
HSP82 and hsp82G7709P, Strains that could grow
on glucose with HSP82 but not with hsp82G7700
were subjected to genetic analysis. One SL muta-
tion segregated as a single locus separate from
HSC82 and HSP82, caused a temperature-sensi-
tive phenotype in an otherwise wild-type back-
ground, and exhibited near wild-type growth at
30°C.

R. Sikorski and P. Hieter, Genetics 122, 19 (1989).
M. Schena and K. R. Yamamoto, Science 241, 965
(1988).

P. R. Brisco and G. B. Kohlaw, J. Biol. Chem. 265,
11667 (1990).

Y. Sanchez et al., J. Bacteriol. 175, 6484 (1993).

A DNA fragment containing the GPD promoter, an
optimal yeast translation-initiation codon, and a
FLAG epitope tag coding sequence fused to the
NH,-terminal coding sequence of GR was created
by the polymerase chain reaction with oligonucleo-
tides 5'-CCTCGAGGTCGACGGTATCGA-3', 5'-C-
TTGTCATCATCGTCCTTGTAGTCCATTTTTCGA-
AACTAAGTTCTTGGTGT-3", 5'-ATGGACTACAA-
GGACGATGATGACAAGGACTCCAAAGAATCCT-
TAGC-3', and 5'-GCCCCATGGACAGTGAAAC-3'
[S.N. Ho et al., Gene 77, 51 (1989)]. The fragment
was cut with Nco |, Xho |, and Bam HI and ligated to
the Nco I-Xho | backbone of pHCA/N795 (CEN plas-
mid) to create pCHFLAGGR. Because the yeast
translation signal promoted high levels of GR expres-
sion, a high-copy plasmid encoding wild-type GR
was used to control for nonspecific binding.

Cells were disrupted with glass beads in buffer A [10
mM MOPS-KCI (pH 7.2), 50 mM KClI, 10% glycerol,
1 mM MgCl,, 2 mM EDTA, 20 mM sodium mo-
lybdate, 1 mM phenylmethylsulfonyl fluoride (PMSF),
1 mM 4-(2-aminoacyl)benzenesulfonyl  fluoride
(AEBSF), 2 mM benzamidine, and 1 pg/ml each of
aprotinin, leupeptin, and pepstatin A} plus 2 mM di-
thiothreitol. After centrifugation for 5 min at 14,000
rpm, fresh PMSF and AEBSF were added, and ex-
tracts were cleared twice at 95,000 rpm for 11 minin
TL100-2 roto (S. Bohen and K. Yamamoto, unpub-
lished data). Triton X-100 was added a concentra-
tion of 0.2%, and equal quantities of total protein
were incubated for 1 hour with 100 pl of anti-FLAG
M2 affinity gel (5.6 mg/mi) (IBl) equilibrated with buff-
er A. The affinity gel was collected by centrifugation
at 8500 rpm for 1 min and washed (with 5 min of
gentle mixing before centrifugation) four timesin 1 ml
of buffer A containing 0.2% of Triton X-100 and twice
with 1 ml of buffer A. Proteins were released with 100
wl of 1 SDS buffer without B-mercaptoethanol and
dye (15 min at 4°C).

We thank S. Bohen and D. Thiele for providing plas-
mids; K. Yamamoto, G. Kohlaw, K. Matsumoto, M.
Douglas, and E. Craig for materials; and S. Bohen, Y.
Miyata, S. Matsumoto, G. Greene, and A. Caplan for
helpful discussions. Supported by the Human Fron-
tier Science Program, NIH, and the Ministry of Edu-
cation, Science and Culture of Japan.

21 November 1994; accepted 21 March 1995

1365





